The acetylenic iminium salts [(c-C 3 H 5 )C≡C-C(Ar)=N + Me 2 ]OTf, Ar = phenyl (1a) or 2-thienyl (1b), both react in different ways with three mesoionic münchnones, namely 3-methyl-1,3-oxazolium-5-olate (2), 3-methyl-2-phenyl-1,3-oxazolium-5-olate (6) and 3-methyl-2-phenyl-4-trifluoroacetyl-1,3-oxazolium-5-olate (9). With 2, a [3+2] cycloaddition reaction followed by extrusion of CO 2 yields pyrroles 5a, b. In the case of 6, the new münchnones 7a, b are obtained which result from an electrophilic substitution at C-4 by the acetylenic iminium cation. In contrast to 1a, b, the 4,4-but-2-yne 1-iminium salt 1c reacts with münchnone 6 to form pyrrole 8. Finally, the reaction of 1a, b and 9 affords (6-oxo-6H-pyran-3-yl)methylene iminium salts 10a, b under microwave heating conditions. The structures of pyrrole 5a, münchnone 7a, and trifluoromethyl-substituted pyranone 10a were established by single-crystal X-ray diffraction analysis.
Introduction
1,3-Oxazolium-5-olates, commonly called "münch-nones", are one of the most prominent classes of five-membered mesoionic compounds [1] . They are easy to prepare, typically by cyclodehydration of Nsubstituted-N-acyl-α-amino acids, and are valuable building blocks for the synthesis of other heterocycles because they undergo facile 1,3-dipolar cycloaddition (formally acting as azomethine ylide dipoles) with a wide range of double-or triple-bond electronpoor dipolarophiles [2] . Starting with the pioneering work of Huisgen and coworkers [3] , the reaction of münchnones and acetylenes, preferentially those substituted with one or two electron-withdrawing groups, has been used to synthesize a great variety of substituted pyrroles [2 -7] . Unfortunately, modest regioselectivity is an often encountered problem of these particular cycloadditions when unsymmetrically substituted alkynes are used [3 -5, 6a, 7] . Furthermore, in many cases FMO theory appears not to be suited to explain the observed regioselectivity [4, 5, 8] , but on the other hand, ab initio calcu-0932-0776 / 08 / 0400-0384 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com lations on the model cycloaddition of a münchnone and a nitroalkene did correctly reproduce the experimental observations concerning regioselectivity and energetics [8] .
Acetylenic iminium salts (or propyne iminium salts), i. e. compounds of the type [R 1 C≡C-C(R 2 )=N + R 3 2 ]X, also belong to the category of electron-deficient alkynes. Due to the strongly electron-withdrawing iminium function, acetylenic iminium salts can be expected to be even better suited than acetylenic carbonyl compounds to act as electron-deficient reaction partners in various types of cycloadditions. In fact, we have found that acetylenic iminium salts are powerful dienophiles in Diels-Alder reactions [9 -11] . While the acetylenic amidium salt [HC≡C-C(OEt)=N + HMe]BF 4 was found to react smootly with a münchnone in a [3+2] cycloaddition/CO 2 extrusion sequence to give the expected pyrrole [12] , acetylenic iminium salts have not been employed as dipolarophiles as yet. We report here for the first time on reactions of münchnones with acetylenic iminium salts and show that diverse reactivities may result.
Cyclopropyl-substituted propyne iminium triflates 1a, b were chosen for the present study, because the expected cycloaddition chemistry would give access to cyclopropyl-substituted pyrroles [13] . The latter could complement the already large collection of biologically active pyrroles with potential applications as, e. g., pharmaceuticals [14] or fungicides [15] .
Results and Discussion
N-methyl-substituted münchnone 2 was prepared as usual by cyclodehydration of N-formyl-N-methylglycine (N-formylsarcosine), but using dicyclohexylcarbodiimide (DCC) [16] rather than Ac 2 O as in Huisgen's original procedure [3, 17] , and treated in situ with the propyne iminium triflates 1a, b (Scheme 1). Immediate gas evolution (CO 2 ) was observed, and after hydrolytic treatment, pyrroles 5a, b could be isolated in 62 and 48 % yield, respectively. The immediate precursors of ketones 5, iminium salts 4, were identified by their NMR data but could not be isolated in pure form. The constitution of 5a was secured by crystal structure analysis (Fig. 1) . Reactions of münchnone 2 with salts 1 thus take the expected pathway, i. e. [3+2] cycloaddition followed by CO 2 extrusion. The regiochemistry of the cycloaddition step 2 → 3 is speculative at this point, but it is not reflected in pyrroles 4 and 5 anyway.
3-Methyl-2-phenyl-1,3-oxazolium-5-olate (6) was generated by treating N-benzoyl-N-methylglycine (Nmethylhippuric acid) with DCC and exposed in situ to iminium salts 1a, b at −15 • C (Scheme 2). After 2 h, the new münchnones 7a, b were isolated as red solids, both in 76 % yield. Obviously, products 7 result from a conjugate addition of the mesoionic 6 at the acetylenic iminium cation 1 (leading first to an aminoallene which is then protonated at the central allenic carbon atom) or, vice versa, an electrophilic substitution at C-4 of the mesoionic ring by the acetylenic iminium salt.
In former studies, we have found several examples of soft nucleophiles attacking ambident propyne iminium cations at the acetylenic β -position rather than at the iminium carbon atom [18] . On the other Scheme 1. hand, Michael-type addition reactions of münch-nones to electron-deficient C,C multiple bonds appear to be rare. In one case, a quinoline-fused münch-none unsubstituted at C-4 underwent Michael addition with dimethyl acetylenedicarboxylate (DMAD) in polar-protic solvents [19] . For a münchnone-related mesoionic compound (ring O replaced by N, doubly cyclopentano-annulated) and methyl propiolate, it was found that the 1,3-dipolar cycloaddition competes with the formation of another product which according to the authors could result from an initial Michael addition [20] . The proposed conjugate addition of an N-H substituted münchnone to an in situ formed olefinic Scheme 2. iminium salt [21] constitutes the closest analogy to the formation of salts 7a, b.
The structure of münchnone 7a was firmly established by a crystal structure analysis (Fig. 2) . Selected bond geometry data are given in Table 1 . It is commonly accepted that the bond structure in a mesoionic compound such as a münchnone cannot be represented satisfactorily by a single valence bond structure, and that the sole description as a betaine with a fully delocalized 6π system (as suggested by the name "1,3-oxazolium-5-olate") in the ring is not adequate. The bond lengths in the five-membered ring of 7a support this view, in line with other known solidstate structures of monocyclic münchnones [22] (see also the PM3-calculated structure of 3-methyl-2-(4-nitrophenyl)-4-phenyl-1,3-oxazolium-5-olate [8] ). A typical feature of münchnones is the bond geometry around the oxygen-bonded ring carbon atom C-4. The exocyclic C-O bond length (1.217Å) indicates high double bond character, while the endocyclic C-O bond length (1.461Å) is exceptionally long. These data and the large exocyclic bond angle C3-C4-O2 (137.0 • ) could suggest that the mesoionic system is "on the way" to its acyclic valence isomer, i. e. an acylamido ketene. There is experimental evidence for the participation of such ketenes in thermal and photochemical reactions of münchnones [1] (see also Scheme 4). The vinamidinium side chain in 7a shows partial π-bond delocalization, although significant non-planarity of the C5-C9-C10-N2 moiety obviously prevents optimal π conjugation (see Table 1 , torsion angles). Furthermore, there is also a considerable twist around the C3-C5 bond which does not allow the molecule to assume the full character of an extended merocyanine system ranging from N2 to O2 (Fig. 3) ; in particular the non-betainic resonance structure likely contributes only little to the bond state. It appears that the strong twisting around all bonds of the side chain helps to relieve the steric repulsion between the mesoionic ring and the iminium moiety as both parts have a cis relationship with respect to the C5-C9 double bond. In the light of the results obtained with the cyclopropyl-substituted acetylenic iminium salts 1a, b, it came as a surprise that the tert-butyl analog 1c also reacted smoothly with münchnone 6 but furnished the pyrrolyl-substituted iminium salt 8 (Scheme 2). This salt was obtained in pure form, and its constitution was firmly established by the spectroscopic data.
1 H NMR Fig. 4 . Suggested transition-state geometry for the reaction of münchnone 6 with acetylene iminium salts 1a, b (a) vs. 1c (b) (geometrical changes at the reaction centers not considered).
NOE experiments also confirmed the regioselective course of the reaction. The different reactivities of acetylenes 1a, b vs. 1c toward münchnone 6 call for an explanation. As was mentioned in the Introduction, the full body of experimental results on 1,3-dipolar cycloaddition reactions of münchnones cannot be rationalized on the basis of simple FMO theory. Calculations of the transition state structure [5, 8] suggest a concerted but slightly asynchronous pathway to be the preferred one, unless other factors such as steric or electrostatic repulsion and charge control lead to an asynchrous, even non-concerted pathway. Since acetylenic iminium ions have significant positive charge density at the acetylenic β -C atom [18a], and the highest formal negative charge of the münchnone is found at C-5 [5, 8] , we suggest that cyclopropyl-substituted acetylenes 1a, b yield the Michael adducts 7 via a transition state structure as shown in Fig. 4a , i. e. by a highly unsymmetrical approach of the acetylenic π system. After formation of one C,C bond, the resulting product (an aminoallene) is rapidly isomerized by a proton shift. Replacement of the cyclopropyl by a tert-butyl substituent (salt 1c) disfavors a reaction trajectory leading to the highly unsymmetrical geometry shown in Fig. 4a because of steric repulsion between the t-Bu group "marching ahead" and the münchnone. As a consequence, the two reactants approach each other in more or less parallel planes, allowing a concerted [3+2] cycloaddition to take place through an only slightly asynchronous transition state structure as shown in Fig. 4b .
The 4-trifluoroacetyl-substituted münchnone 9 is a thermally quite stable compound [23] . Kawase and coworkers have performed a variety of nucleophilic ring opening and ring transformation reactions with 4-trifluoroacetyl-münchnones [24] . On the other hand, 9 and its congeners are obviously reluctant to undergo Scheme 3. 1,3-dipolar cycloaddition reactions. While no such reaction appears to have been described for 9 itself, it was reported that 2-ethylthio-3-methyl-4-trifluoroacetyl-1,3-oxazolium-5-olate and DMAD at 120 • C underwent the desired cycloaddition/CO 2 extrusion to furnish a pyrrole in very low yield [25] . Therefore, we were not surprised to observe no reaction of 9 and 1a, b under the same mild conditions as in the cases of münchnones 2 and 6. However, heating the components in acetonitrile solution (closed vessel) at 150 • C under microwave irradiation furnished the (6-oxo-2-trifluoromethyl-6H-pyran-3-yl)benzylidene iminium salts 10a, b in yields of 56 and 46 %, respectively (Scheme 3). Both salts are soluble in DMSO but not in chloroform; furthermore, while 10b is well soluble also in acetonitrile at 20 • C, 10a can be recrystallized from hot acetonitrile [26] .
The constitution of salt 10a was established by a crystal structure determination ( Fig. 5 and Table 2 ). Because of the heavy substitution at four adjacent positions of the pyranone ring, the σ planes of the ring C=C bonds and of the iminium or amido groups, respectively, are more or less perpendicular to each other so that no π conjugation exists; in addition, the cyclopropane ring assumes a perpendicular orientation relative to the C2=C3 double bond. Interestingly, these torsional arrangements are sufficient to relief the steric strain, and puckering of the planar pyranone ring is not required. Nevertheless, the NMR spectra indicate the presence of different species (two major components, A : B = 1 : 0.29, and traces of at least one additional species) which we interpret as rotamers. As Fig. 5 shows, the side chains at ring positions C2 and C4 adopt a conformation which generates a pincer-type arrangement of the two phenyl rings with the closest contact between two meta-positions (C10···C25: 3.496Å). We assume that the major rotamer (A) in solution corresponds to the geometry found in the solid state, because only in this conformation, one cyclo- For pyranone 10b, the 1 H and 13 C NMR data indicate the same constitution as for 10a, as well as the presence of three rotamers (A : B : C = 1.0 : 0.7 : 0.15). According to chemical shift assignments and 2D NMR studies, rotamers A and B have a similar stereochemistry around the C(pyranone)-C(iminium) bond as A and B in 10a.
A mechanism for the formation of pyranones 10 is suggested in Scheme 4. It is proposed that the start of the reaction of iminium salts 1a, b and münch-none 9 is analogous to the formation of substituted münchnones 7, namely Michael addition followed by a shift of the trifluoroacetyl group to furnish münch-nones 11. Due to the lower nucleophilicity of 9 compared to münchnone 6, the addition step likely requires a higher activation energy. Elevated temperatures should also trigger the valence tautomerization [27] of 11 to form an amidoketene 12 which then undergoes a six-electron electrocyclic ring closure to yield pyranone 10.
The transformations shown in Scheme 1 demonstrate that acetylenic iminium salts 1 are synthetic equivalents of acetylenic ketones, and the question arose how these acetylenic ketones would behave in reactions with münchnones. We found that (cyclopropylethynyl)phenylketone (13) but complete conversion was not achieved under these conditions (molar ratio of 13 : 14 = 3 : 1 after 12 h), and carrying out the reaction in boiling toluene did not improve the result. Consequently, the pyrrole 14, the constitution of which was again secured by NMR NOE experiments, was isolated in only 13 % yield after chromatographic work-up [31] .
These experiments show that acetylenic ketone 13 is far less reactive toward münchnones than the related acetylenic iminium salts 1. On the other hand, it should also be noted that münchnone 6 engages in a 1,3-dipolar cycloaddition with acetylenic ketone 13 but undergoes Michael addition with the related acetylenic iminium salt 1a.
Conclusion
Our experiments have shown that fully substituted acetylenic iminium salts can react with the mesoionic system of münchnones as Michael acceptors as well as dipolarophiles for [3+2] cycloaddition reactions. In the first case, münchnones bearing an olefinic iminium side chain are obtained, while pyrroles result from the 1,3-dipolar cycloaddition pathway. The result depends on the substitution pattern of both reaction partners and may be governed by steric factors. A novel reaction sequence converts the 4-trifluoroacetyl-substituted münchnone 9 into (6-oxo-6H-pyran-3-yl)methylene iminium salts 10. A comparison of acetylenic iminium salt 1a with the corresponding acetylenic ketone 13 indicates that the iminium salts are not simply synthetic equivalents of the acetylenic ketones, because not only was iminium salt 1a found to be more reactive toward münchnones but it also reacted differently from 13 with münchnone 6, namely by Michael addition rather than 1,3-dipolar cycloaddition.
Experimental Section

General information
All reactions involving moisture sensitive compounds were carried out in rigorously dried glassware under an Ar atmosphere, microwave reaction vessels were flushed with argon prior to use. The organic solvents were dried and stored over molecular sieves under argon. Microwave (MW) irradiation was carried out in a µ-Prep MW oven (MLS, Leutkirch, Germany) (frequency 2.45 GHz, continuous irradiation, max. power 1 kW); reaction vessels had volumes of 60 mL (teflon) and 9 mL (glass). In situ temperature control was obtained using a fibre optical sensor (ATC-FO sensor, MLS). Column chromatography was performed using silica gel Merck Si60, 0.063 -0.2 mm. IR spectra were recorded with a Bruker Vector 22 FTIR spectrometer using a Harrick Scientific MVP ATR unit equipped with a ZnSe crystal. Melting points were determined on a Büchi Melting Point B-540 apparatus and are uncorrected. NMR spectra were recorded on a Bruker DRX 400 ( 1 H: 400.1 MHz; 13 C: 100.6 MHz; 19 F: 376.5 MHz) or an AMX 500 spectrometer ( 1 H: 500.1 MHz; 13 C: 125.7 MHz). TMS or the solvent signal served as internal standard for 1 H and 13 C NMR spectroscopic measurements, hexafluorobenzene was used as external standard for 19 F spectra. Elemental analyses were performed with an Elementar Vario Micro Cube. HRMS mass spectra were recorded with a Bruker Daltonics microtof Q instrument in the ESI mode. N-Methylhippuric acid was purchased from Acros Organics, N-methylglycine and trifluoroacetic anhydride from Merck. Salts 1a, b, c [11] and münchnone 9 [23] were synthesized by literature methods.
Syntheses 3-Benzoyl-4-cyclopropyl-1-methyl-1H-pyrrole (5a)
A solution of dimethyl-(3-cyclopropyl-1-phenylprop-2-yn-1-ylidene)ammonium triflate (1a, 1.00 g, 2.88 mmol), dicyclohexylcarbodiimide (DCC) (0.65 g, 3.15 mmol) and N-formyl-N-methylglycine (0.37 g, 3.15 mmol) in CH 3 CN (20 mL) was stirred at r. t. for 18 h. The slightly orange solution was filtered to remove the precipitated dicyclohexylurea. Removal of the solvent yielded the iminium salt 4a. The crude salt was dissolved in CH 2 Cl 2 (10 mL), and the solution was shaken with satd. aqueous Na 2 CO 3 (10 mL) for 48 h at r. t. After separation of the organic layer, the aqueous layer was extracted with CH 2 Cl 2 (20 mL), and the combined organic layers were dried over anhydrous Na 2 SO 4 . After removal of the solvent, the residue was purified by column chromatography [silica gel, elution with cyclohexane/EtOAc/Et 3 N (7 : 3:0.05)], which furnished pyrrole 5a as an off-white powder. Yield: 0.40 g (62 % based on 1a 
(4-Cyclopropyl-1-methyl-1H-pyrrol-3-yl)(thiophen-2-yl)-methanone (5b)
This compound was prepared, as described for 5a, from dimethyl-(3-cyclopropyl-1-(thiophen-2-yl)-prop-2-yn-1-ylidene)ammonium triflate (1b, 
[(2Z)-3-Cyclopropyl-3-(3-methyl-5-oxido-2-phenyl-1,3-oxazolium-4-yl)-1-phenylprop-2-en-1-ylidene]dimethylammonium trifluoromethanesulfonate (7a)
A solution of iminium salt 1a (0.50 g, 1.44 mmol) and DCC (0.28 g, 1.44 mmol) in acetonitrile (7 mL) was cooled at −15 • C. A solution of N-benzoyl-N- 
[(2Z)-3-Cyclopropyl-3-(3-methyl-5-oxido-2-phenyl-1,3-oxazolium-4-yl)-1-(thiophen-2-yl)prop-2-en-1-ylidene]dimethylammonium trifluoromethanesulfonate (7b)
The compound was prepared, as described for 7b, from iminium salt 1b [ (4-tert-Butyl-1-methyl-2-phenylpyrrol-3-yl) 
(phenyl)methylene]dimethylammonium trifluoromethanesulfonate (8)
A solution of (4,4-dimethyl-1-phenylbut-2-yn-1-ylidene)dimethylammonium triflate (1c, (80 mg, 0.22 mmol) and DCC (46 mg, 0.22 mmol) in acetonitrile (10 mL) was cooled at −15 • C. A solution of N-benzoyl-N-methylglycine (43 mg, 0.22 mmol) in acetonitrile (2 mL) was added via a syringe pump over 5 min, and the colorless solution slowly turned to red. After additional stirring for 12 h at r. t., the solution was filtered to remove the precipitated dicyclohexylurea, and the solvent was evaporated. Washing the residue with diethyl ether, pentane and a small amount of cold ethyl acetate yielded pyrrole 8 as a yellow solid. 
{[4-Cyclopropyl-5-(N-methylbenzamido)-6-oxo-2-trifluoromethyl-6H-pyran-3-yl](phenyl)methylene}dimethyl-ammonium trifluoromethanesulfonate (10a)
A solution of iminium salt 1a (1.00 g, 2.88 mmol) and 3-methyl-2-phenyl-4-trifluoroacetyl-1,3-oxazolium-5-olate (9) (0.79 g, 2.91 mmol) in acetonitrile (10 mL) was placed in a 60 mL microwave vessel and purged with argon. The vessel was placed in the microwave oven and subjected to the following temperature program: heating to 80 • C in 2 min with a max. power of 80 W, heating to 150 • C in 3 min with a max. power of 120 W, holding at 150 • C for 3.5 h with a max. power of 110 W. According to NMR control, the reaction was not yet complete, but the reaction progress was only slow beyond this point. After cooling to r. t., the dark brown reaction mixture was transferred to a Schlenk flask while a beige solid separated. The solvent was evaporated, and the residue was washed several times with ethyl acetate yielding the salt 10a as an off-white solid. Yield: 1.00 g (56 % based on 1a). 
{[4-Cyclopropyl-5-(N-methylbenzamido)-6-oxo-2-trifluoromethyl-6H-pyran-3-yl](thiophen-2-yl)methylene}dimethyl-ammonium trifluoromethanesulfonate (10b)
1 H, H Th ); cyclopropane protons covered by signals of major isomers. - 13 
3-Cyclopropyl-1-phenylprop-2-yn-1-one (13)
Cyclopropylacetylene (70 % solution in toluene, 5.00 g, 52.95 mmol) and benzoyl chloride (6.84 g, 48.66 mmol) were dissolved at 20 • C in anhydrous THF (30 mL), and PdCl 2 (PPh 3 ) 2 (0.80 g, 1.14 mmol, 2.1 mol-% based on alkyne) and CuI (0.25 g, 1.31 mmol, 2.5 mol-%) were added. Then, triethylamine (5.70 g, 56.33 mmol) was added to the mixture in one portion. A precipitate was formed immediately, and the temperature rose to about 60 • C. Additional THF was added (80 mL), and the reaction mixture was stirred for additional 3 h. The precipitate (NEt 3 × HCl) was filtered off, and the volatiles were evaporated at 15 mbar/20 • C, and the residue was diluted with water (50 mL). The mixture was extracted with diethyl ether (3 × 100 mL), and the combined organic phases were washed with aqueous Na 2 CO 3 (2 × 50 mL) and dried (Na 2 SO 4 ). The brown oil obtained after evaporation of the solvent was submitted to a Kugelrohr distillation (125 • C/0.017 mbar) which furnished the product as an almost pure colorless oil. Yield: 6.14 g (68 % based on the alkyne). 
3-Benzoyl-4-cyclopropyl-1-methyl-2-phenyl-1H-pyrrole (14)
A solution of ketone 13 (0.30 g, 1.76 mmol), DCC (0.36 g, 1.76 mmol) and N-methylhippuric acid (0.34 g, 1.76 mmol) in chloroform (15 mL) was stirred at 20 • C for 12 h. At this point, the molar ratio 13 : 14 was 75 : 25 (by 1 NMR integration), and no significant change was observed when the reaction mixture was stirred for additional 8 h. The precipitated dicyclohexylurea was removed by filtration, and the solvent was evaporated at 15 mbar. The oily residue was separated by column chromatography [silica gel, elution with cyclohexane/EtOAc (5 : 1)], which furnished pyrrole 14 as a yellow oil that still contained a small amount of the starting ketone. Washing the residue with a small amount of pentane yielded the pure pyrrole 14 as an off-white solid. Yield: 70 mg ( [31] .
X-Ray crystal structure determination
Suitable single crystals were obtained by crystallization from ethyl acetate (5a: slow evaporation of solvent at r. t.; 7a: from hot solution) or hot acetonitrile (10a). Data collection was performed on an image plate diffractometer (Stoe IPDS) using graphite-monochromated MoK α radiation (λ = 0.71073Å). The structures were solved by Direct Methods and refined on F 2 values using full-matrix least-squares methods. Hydrogen atom positions in general were calculated geometrically and treated as riding on their bond neighbors in the refinement procedure. For 7a and 5a, the cyclopropyl protons were calculated geometrically and refined isotropically. The CF 3 group in the cation of 10a was found to be disordered over two sites with (refined) occupancy factors of 0.896(6) and 0.104 (6) . Using restraints in C-F bond lengths and F-C-F bond angles, the fluorine atoms occupying the major site were refined with anisotropic temperature factors, those at the minor site with isotropic ones. Software for structure solution and refinement: SHELXS/L-97 [29] ; molecule plots: ORTEP-3 [30] . Further details are provided in Table 3 .
CCDC 674644 (5a), 674645 (7a) and 674646 (10a) contain the supplementary crystallographic data for this 
